A new astrophysical reaction rate for 12 C(α, γ) 16 O has been evaluated on the basis of a global R-matrix fitting to the available experimental data. The reaction rates of 12 C(α, γ)
INTRODUCTION
Astrophysical reaction rates are of great importance in studies of the stellar nucleosynthesis and the stellar evolution. During stellar helium burning, the rates of 3α and the 12 C(α, γ) 16 O reaction, in competition with one another, determine the timescale of this phase and the relative abundances of 12 C and 16 O in a massive star. The reaction rate of the 3α process is known to have an uncertainty of about 10% (Fynbo et al. 2005) , at astrophysical temperatures (0.2×10 9 K); while such accuracy is not the case for the 12 C(α, γ)
16
O reaction, yet relevant for the rise time of the SN I light curves (Dominguez et al. 2001) , the production of important radioactive nuclei 26 Al, 44 Ti, and 60
Fe (Tur et al. 2010) , the size and mass of Fe core for a pre-supernova star (Woosley et al. 2003) , and the formation of X-ray black hole binaries (Brown et al. 2001 ) and neutron stars (Brown & Bildsten 1998; Wen & Zhou 2013) in massive stars.
Experimental investigations of the reaction rate N v A s á ñ are calculated with the following standard formula (Rolfs & Rodney 1988) , 
is the Sommerfeld parameter and σ(E) is the cross section. For each temperature of T 9 (temperature in units of 10 9 K), the rate is obtained by Equation (1) with corresponding data for the S(E) factor.
The difficulty in measuring the S factor of the 12 C(α, γ) 16 O reaction results from the extremely small σ(E 0 ), which is about 10 −17 b at 0.3 MeV, where the helium burning occurs. The observed S(E) factors are focused on the energy region of E c. m. > 0.9 MeV, which means that an extrapolation cannot currently be evaded. It remains a challenging task to obtain the S(E) factor for the 12 C(α, γ) 16 O reaction in part due to the complicated level structure of the 16 O nucleus(deBoer et al. 2013; Ma et al. 2014) .
The 12 C(α, γ) 16 O reaction rates at astrophysical temperatures are dominated by resonances states in the compound nucleus 16 O. The rates based upon the different extrapolation and fitting models to the parts of existing S(E) factor measurements, such as potential models and the R-matrix (or K-matrix) theory, were reported by several research teams. Representative results for the rates from the R-matrix (or K-matrix) theory were provided by Caughlan & Fowler (1988; hereafter CF88) , Buchmann (1996) , Angulo et al. (1999; hereafter NACRE) , and Kunz et al. (2002) . Two recent compilations, Katsuma (2012) and Xu et al. (2013; hereafter NACREII) , are mainly based on the potential models. However, for the corresponding reaction rate of these compilations, at T 9 = 0.2, the published S-factor at 0.3 MeV disagrees at the 10% level (see Table 1 of An et al. 2015) with the quoted uncertainties that are about twice as large as estimated for precision modeling efforts (Woosley & Heger 2007) .
In An et al. (2015) , we report a reduced R-matrix theory to make the global fitting to plenty of complementary experimental data about the 16 O compound nucleus. These complementary data effectively help us to understand the concrete effect of the 16 O nucleus for the S(E) factor and the reaction rate. Based on the published S factor estimates, the updated astrophysical reaction rates of 12 C(α, γ)
16 O are presented and compared with the previously published reaction rates in this paper.
REACTION RATES

The Uncertainty of S-factors
The S-factors of 12 C(α, γ) 16 O are constituted by several resonant peaks with strong interference patterns. Furthermore, the complicated mechanism of this reaction results in unpredictable interference effects from the first principles (Kunz et al. 2002) . The global fitting for the 16 O system with a multilevel, multichannel R-matrix allows for the simultaneous analysis of differential cross-section data and the corresponding angle-integrated cross section of an 16 O compound nucleus . A multichannel R-matrix analysis provides the possibility of reducing uncertainties in the extrapolated total and partial S-factors of the 12 C(α, γ) 16 O reaction, and the interpretation of the interference mechanism via the additional constraint offered by the simultaneous analysis of multiple reaction channels (Azuma et al. 2010) .
The error propagation formulae (Smith 1991 ) are adopted to determine the uncertainty of the S factor in the whole energy region. Our extrapolation value is S tot (0.3 MeV) = 162. Avila et al. (2015) , which constrained the contribution of the values by measuring the asymptotic normalization coefficients (ANCs) for these states using the α-transfer 16 O can be obtained by Equation (1) from the self-consistent total S factor and its uncertainties. Table 1 lists 80 points of reaction rates in the temperature range of 0.04 T 9 10. To be precise, the total reaction rate of 12 C(α, γ)
O is achieved after multiplying N v
A s á ñ with the probability densities of the reaction partners and integrating over the energy interval. The uncertainties of the reaction rates obtained from our R-matrix model are also tabulated for the high rate and the low rate in Table 1 .
According to the Gamow theory (Rolfs & Rodney 1988) , for the nonresonant cross section, the Gamow window (significant 
and ΔE 0 = (16E 0 k B T/3) 1/2 . Considering the typical T 9 temperatures involved, we have E 0 = 0.3 MeV of helium burning starting at T 9 = 0.2. Furthermore, for the S factor data, the chief centerof-mass energy range is 0.1-0.5 MeV. As E 0 and ΔE 0 increase with stellar temperature, the S(E) factor data in the higher energy range gradually play a leading role for the reaction rate.
To understand the influence of the S(E) factor of 12 C(α, γ)
16 O on the reaction rate at different temperatures, probability density functions of the total reaction rates at T 9 = 0.2, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, and 10.0 are shown in Figure 1 . At T 9 = 0.2 and 1.0, the probability density functions are located almost in the extrapolated S factor, without resonance peaks, so the Gamow window can be well approximated by a Gaussian distribution with the most effective energy E 0 = 0.3 MeV and E 0 = 0.9 MeV. As the T 9 increases from 1 to 10, however, the influence of resonances of the S(E) factor becomes more and more remarkable, and the probability density functions can no longer be approximated by the Gaussian distribution. So, the 12 C(α, γ)
16
O reaction rate at these temperatures can be obtained just by the S factor measurements at energies as wide as possible.
The S tot measurements of Schürmann et al. (2005 Schürmann et al. ( , 2011 , in reverse kinematics using the recoil mass separator, allowed us to acquire data with a high degree of accuracy (<3%) in a wide energy scope of E c.m. = 1.5-4.9 MeV. These data would provide good restrictions on the probability density functions of T 9 = 2.0, 3.0, and 4.0 (Figures 1(C) - (E) -(E c.m. = 5.93 MeV), using resonance parameters of Tilley et al. (1993) in the calculation. The published data in two independent experiments  (Brochard et al. 1973; Ophel et al. 1976 ) of the ground-state transition were neglected. Possible interference effects were included in the calculation of S E10 and S E20 by applying the R-matrix fitting procedures, but they were somewhat speculative, and the results of S g.s were about 2 ∼ 5 times away from experimental data. Therefore, from the probability density functions of T 9 = 5.0, 6.0, 8.0, and 10.0 (Figures 1(F)-(I) ), it can be inferred that the rate calculation of Kunz et al. (2002) is significantly higher. The S tot can be indicated according to different types of J + dominate the reaction rate up to T 9 = 2.0. From the probability density functions of T 9 = 0.2, 1.0, and 2.0 (Figures 1(A)-(C) ), we note that the contribution stems mainly from J π = 1 − (E c.m. = 2.42 MeV) and J π = 2 + (E c.m. = 2.58 MeV) levels in 16 O. The rate above T 9 = 2.0, the fraction from 3 − gradually increases with temperature. This comes from the contribution of J π = 3 − (E c.m. = 4.44, 5.97, and 6.10 MeV) resonances. The contribution of J π = 4 + increases with T 9 first, and then decreases, having two 4 + resonances just at E c.
m. = 3.20 and 3.93 MeV in the integral interval. Thus, the fractional contributions of different values of J π reconfirmed the validity of the probability density functions in Figure 1 .
The contributions of ground-state capture and cascade captures to the reaction rate of 12 C(α, γ)
O are illustrated in Figure 2 (B). Ground state capture (S E10 and S E20 ) dominates the reaction rate up to T 9 = 0.1. Furthermore, the contributions from the cascade transitions increase with T 9 . Besides at the important He-burning temperature T 9 = 0.2, the rate is still important all the way up to T 9 = 5.0, because the inverse reaction of 12 C(α, γ)
O plays an important role in silicon burning(S. E. Woosley 2013, private communication) . Thus, the cascade transition is necessary for the precise calculation of the reaction rate.
Comparison to Other 12 C(α, γ)
16 O Determinations Figure 3 shows comparisons between our new reaction rate and previous estimates. In each panel, the dashed line shows the ratio of a previous determination to our new rate. The gray bands are the uncertainty of the published rate, e.g., in Figure 3 (A), the edges of the gray zone are reaction rate ratios of NARCE II's limits to the principal value of our rates. The blue bands estimate the uncertainty of our rate. Below T 9 ≈ 4.0, our recommended results are within the uncertainties of Buchmann (1996) , Kunz et al. (2002) , and NACREII. Above T 9 = 4, the results agree with the analysis of NACRE.
By comparing all of the published rates with our present results, the principal values of each rate are shown in Figure 4 . At an astrophysical temperature of T 9 = 0.2, the new rate is about 10% larger than the rate of NACREII (S tot (0.3 MeV) = 148±27 keV b) and Buchmann (1996) (S tot (0.3 MeV) = 146 keV b), about 16% lower than the rate of the NACRE (S tot (0.3 MeV) = 199±64 keV b), and it is quite consistent with the adopted value of Kunz et al. (2002) 
In the intermediate range of 0.5 T 9 3, our recommended rate is in good agreement with NACREII. The temperature dependence of our recommended value differs significantly from the rates of Katsuma (2012) , which stems from the higher total S factor at 1 2
-(E c.m. = 2.42 MeV) resonance-peak, overestimating the cross section of Schürmann et al. (2005) in their calculations (Katsuma 2008) . In the same temperature range, the deviation from Kunz et al. (2002) mainly originates from the lower calculation values of the total S factor from E c.
m. = 0.5 MeV to E c.m. = 2.0 MeV. The lower value of NACRE is a direct consequence of the considered cascade transitions for the total S-factors. For the rates above T 9 = 3, our reaction rate increases with T 9 , but has lower values than Kunz et al. (2002) and NACREII, because the high-energy data covering the 1 3 -and 1 4 -resonance are apparently overestimated in their calculations.
Analytical Formula
A common form of reaction rate is an analytical formula with an appropriate parametrization for applications in stellar models. Equation (2) is a usual expression (Buchmann 1996; Kunz et al. 2002) . The difference between the fitting formula to the tabulated rate is shown in Figure 3(F) . The blue bands indicate the uncertainty of the adopted rate in Table 1 . The dotted line shows the ratio of the adopted values of the analytical expression normalized to the adopted tabulated ones. It is applicable in the temperature range of 0.04T 9 10 with a maximum deviation of 4% to the recommended rate in Table 1 . For the most important range of T 9 = 0.1-0.3 the maximal deviation is 1%. And the parameters a a 0 1 1 -are a 0 = 4.70× 10 8 ; a 1 = 0.312; a 2 = 31.8; a 3 = 400; a 4 = 1.08×10 15 ; a 5 = 23.6; a 6 = 41.3; a 7 = 2.49×10 3 ; a 8 = 28.5; a 9 = 1.19×10 11 ; a 10 = −98.0; a 11 = 36.5. (including E 10 and E 20 to the ground state) and the cascade transitions to the total rates. Luo et al. 2011) , which is still under construction, would be desirable in order to allow for the measurement of cross sections in the pb region.
